Objective The objective of this study was to determine the effect of topical corticosteroid (CCS) therapy on intraocular pressure (IOP) in normal cats and cats with primary feline congenital glaucoma (FCG). Animals studied Five normal and 11 FCG cats were studied in two cohorts. Procedures IOP was measured by a single, masked observer, once daily, 3-5 days/week throughout the course of CCS treatment and for up to 11 days after treatment discontinuation. One eye per cat was randomly assigned for treatment twice daily with CCS; balanced salt solution (BSS) applied to the contralateral eye served as a control. Differences between eyes and between weeks of the study period were calculated for each cat. A positive response to CCS was defined as a consistent >15% or >25% higher IOP in the treated relative to control eye in normal and FCG cats, respectively. Results A total of 8 of 11 FCG cats responded to topical CCS after 1-5 weeks of treatment with an increase in IOP relative to the untreated eye (maximum IOP discrepancy of 56 mmHg). Two of five normal cats responded to topical CCS with an appreciable, but clinically unimportant increase in IOP in the treated eye (maximum IOP discrepancy of 6.4 mmHg). Conclusions Our data indicate that the incidence of steroid-induced IOP elevation in cats is lower than that of previously published feline studies. Cats with preexisting compromise in aqueous humor outflow may show a greater, clinically relevant response to topical CCS than normal cats.
INTRODUCTION
Steroid-induced ocular hypertension (SIOH) and glaucoma are well-documented adverse effects of corticosteroid (CCS) administration in humans. [1] [2] [3] This phenomenon has also been described in a wide range of other species, including nonhuman primates, [4] [5] [6] mice, 7, 8 rats, 9 rabbits, [10] [11] [12] cattle, 13, 14 sheep, 15 dogs, 16 and cats. [17] [18] [19] The underlying pathogenic mechanism responsible for SIOH remains poorly understood and is likely multifactorial, with complex alterations in tissues of the aqueous outflow pathways contributing to increased resistance to aqueous drainage. 1, 2, 20 Proposed mechanisms for the increase in aqueous outflow resistance and consequent increase in intraocular pressure (IOP) include changes in the microarchitecture of the trabecular meshwork, 21, 22 increased or altered deposition of extracellular matrix material, [23] [24] [25] and reduction in protease activity and phagocytic potential of trabecular meshwork cells, all leading to accumulation of substances within the trabecular meshwork. [26] [27] [28] The degree of SIOH is dependent on many factors related to drug pharmacology, including potency; frequency and route of administration; cumulative dose; and duration of treatment, [29] [30] [31] [32] [33] [34] [35] [36] as well as individual patient susceptibility. Topical ocular CCS administration carries a higher risk for the development of SIOH than either systemic or inhaled routes of drug delivery. associated with a relatively higher risk of a clinically significant elevation in IOP, 10, 33, [38] [39] [40] as compared to other topical CCS. The increased risk with these agents is attributed to a combination of their high potency and effective absorption into anterior segment. 32, [40] [41] [42] [43] In humans with SIOH, elevation in IOP is most commonly observed within the first 2-6 weeks of treatment, with a return to pretreatment values about 1 week after discontinuation of CCS administration. 34, [44] [45] [46] However, there is pronounced individual variation in the degree and timing of response, and a more acute 47 or chronic 30 time course has been documented. The prevalence and degree of SIOH varies considerably between species. For example, ruminants, or at least the bovine and ovine breeds studied, demonstrate a well-conserved, robust, and predictably high response rate, affecting all or most individuals tested. 15 In contrast, other species display a much more variable response rate, as is seen with humans 29, 34, 42, [48] [49] [50] and nonhuman primates. 4, 5 As topical CCS therapy is routinely used in the management of uveitis and many ocular surface diseases, the study of SIOH is extremely relevant to the field of veterinary ophthalmology. Chronic uveitis is a common clinical presentation in cats and represents a leading cause of glaucoma in this species. 51, 52 Cats with uveitis are generally managed with topical CCS without major concerns for the potential for SIOH, development or worsening of glaucoma. 53 The incidence and magnitude of SIOH in cats is unknown, as only three relevant studies have been performed in this species. [17] [18] [19] Two of these studies reported a clinically unimportant but positive response to CCS in all of the cats in their study populations, 17, 18 while a third study reported a positive response only in a subset of individuals investigated but did not report the proportion of animals that responded. 19 The effect of CCS on IOP has not been evaluated in cats with preexisting compromise in aqueous humor outflow. Human primary open-angle glaucoma (POAG) patients, as well as their family members, are more likely to be CCS 'responders' as compared to the general population. The response in these individuals also tends to be more rapid and dramatic, and they have a higher risk of developing extreme elevations in IOP resulting in permanent glaucomatous damage. 31, 36, 44, 45, 48 Similar results were also reported in a small study of Beagles with POAG. 16 The objective of this study was to investigate the IOP response to topical CCS administration in normal cats and in cats with preexisting aqueous outflow compromise due to primary feline congenital glaucoma (FCG).
METHODS
Procedures involving animals were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee at the University of Wisconsin-Madison. All cats were housed in a research colony maintained at the University of Wisconsin-Madison, under standard laboratory conditions with a consistent 12-h light/dark cycle (6 am/6 pm). The study utilized two separate cohorts of cats, each including both male and female cats. The first cohort consisted of five clinically normal cats and five glaucomatous cats known to be homozygous for a completely penetrant, autosomal recessive form of inherited FCG (M.H. Kuehn, et al.; manuscript in review). The second cohort consisted of six FCG cats. Ages of cats in both cohorts ranged from 8 months to 4 years. Disease status was determined by lineage and confirmed by ophthalmic examination, performed by a board certified veterinary ophthalmologist (GM). Cats were determined to be normal based on IOP history and the absence of any ocular lesions on ophthalmic examination. All affected FGC cats exhibited bilaterally symmetric disease, with consistently high IOP (mean = 34 mmHg AE 16 mmHg standard deviation), buphthalmos, and elongated ciliary processes. Aside from elevated IOP and the characteristic clinical features of FCG described above, the FCG cats used in this study were free of other, potentially confounding ocular abnormalities such as lens luxation or corneal disease.
During the study, all IOP measurements were acquired using rebound tonometry (TonoVet; Icare Finland Oy, Helsinki, Finland) 54, 55 by a single, masked observer, once daily, 5 days/week or 3 days/week for cohorts 1 and 2, respectively, throughout the study. Three consistent IOP values (no error bar on the instrument display) were recorded per eye and averaged to provide daily IOP values. All cats were acclimated to rebound tonometry and were routinely handled for IOP measurements and ocular examinations for at least 50 days prior to the study. During this acclimation period, IOPs were recorded, and baseline values established for each cat. All IOP measurements were obtained at a consistent time of day (between 7 and 10 am) to limit variation due to circadian rhythm. 56, 57 The cats were gently restrained in a sternal upright position, avoiding pressure on the neck or eyelids.
One eye per cat was randomly assigned for treatment with a topical corticosteroid (CCS), and balanced salt solution (BSS) was applied to the contralateral eye, which served as a control. In cohort 1 animals, one drop (35-40 ll) of 0.1% dexamethasone sodium phosphate solution [DEX] (Bausch & Lomb Inc., Rochester, NY, USA) was applied to the treated eye twice daily, approximately 8 h apart, for 4 weeks. The CCS applied was then switched to 1% prednisolone acetate (PRED) suspension 1% prednisolone acetate suspension (Alcon Laboratories, Inc., Fort Worth, TX, USA, for an additional 4 weeks. In cohort 2 animals, PRED was applied as described for cohort 1, for a total of 5 weeks. At the end of each cohort's treatment phase, all ophthalmic drops were discontinued, and IOP was recorded until it returned to pretreatment baseline. All cats were carefully observed throughout the study for clinical signs of ocular irritation, such as squinting, redness, or discharge, or development of additional ocular abnormalities, attributable to either their underlying disease process or to topical CCS administration.
Using IOP measurements that were taken weekly for 11 weeks prior to the study initiation, a baseline difference between eyes was calculated for each cat. During the study period, the difference (percent) in IOP between the CCStreated and the control eyes was calculated and averaged by week for each cat. For the normal cats, a positive response to topical CCS was defined as a positive difference of at least 15% between the treated and the control eye for at least two consecutive weeks of the 5-to 8-week treatment phase. For the FCG cats, due to a greater observed variability in IOP between the two eyes during the pretreatment phase, a positive response to topical CCS was defined as a positive difference of at least 25% between the CCS-treated and the control eye for at least two consecutive weeks of the 5-to 8-week treatment phase.
RE SUL TS
Rebound tonometry was well tolerated by the cats, allowing rapid and repeatable measurements to be collected throughout the duration of the study period. No adverse effects (such as ocular irritation, keratitis or conjunctivitis) were noted in either eye of any cat at any time point.
Normal cats
Two of the five normal cats in cohort one exhibited a positive, clinically unimportant elevation in IOP in response to topical CCS. The elevation was considered mild in each case as all recorded IOPs remained within the normal reference range for rebound tonometry in cats.
The maximum recorded IOP discrepancy between eyes was 6.4 mmHg and IOP recorded in the placebo-treated control eyes during the treatment period showed no consistent increase from the baseline IOP data collected prior to treatment. Once the topical CCS was withdrawn, the difference between the IOP of the treated and control eyes returned to baseline within about 7 days (Fig. 1a-c) . In the three remaining normal cats, there was no change in difference in IOP between the treated eye and the control eyes during the study period as compared to baseline data ( Fig. 1d-f) . Additionally, neither the control eyes nor the treated eyes showed a clinically important increase in IOP relative to baseline IOP data collected prior to CCS treatment.
Glaucomatous cats
Eight of the 11 FCG cats (4/5 in cohort 1 and 4/6 in cohort 2) exhibited a positive response to topical CCS (Fig. 2) . The steroid-induced elevation in IOP ranged from mild in 3 cats (<15 mmHg increase in IOP relative to control eye; Fig. 2a-c) , moderate in two cats (15-25 mmHg increase in IOP relative to control eye) and marked in three cats (>25 mmHg increase in IOP relative to control eye; Fig. 2d-f ). In the most extreme instance, there was a maximum recorded discrepancy in IOP of 56 mmHg between the treated and control eyes (Fig. 2f) . Once established, the difference in IOP between the treated and the control eyes persisted until CCS treatment was discontinued. Once the topical CCS was withdrawn, the difference in IOP between the treated and control eyes returned to baseline in all cats within 7-10 days (Fig. 2c,  f) . The IOP recorded in the control eye during the treatment period showed no increase relative to baseline IOP data collected prior to treatment initiation.
The remaining 3/11 FCG cats showed no difference in the IOP recorded in the treated eye as compared to the control eye over the course of the CCS treatment phase, or after CCS treatment was withdrawn. One of these three cats did exhibit a clear upward trend in IOP in the treated eye as compared to the control eye during the study period as compared to baseline, but the difference did not meet the criteria for designation as a positive responder. During collection of this cat's baseline IOP data, the 'treated eye' consistently had a lower IOP as compared to the 'control eye.' This then resulted in a negative pretreatment difference in IOP between eyes, meaning that the subsequent magnitude of the positive difference in IOP following CCS treatment for this cat represented a greater net IOP change than in the other cats whose baseline measurements between eyes were either near zero or were positive.
Dexamethasone vs. prednisolone treatment
In the first cohort in this study, topical dexamethasone (DEX) and topical prednisolone acetate (PRED) were not associated with differences in incidence of positive response or in the degree of IOP elevation recorded. In the cats that responded positively to DEX, no additional or intensified elevation in IOP was observed in either eye following initiation of PRED treatment (Figs 1 and 2 ). There was no significant change in the slope of the regression line created by plotting the difference in IOP between eyes against day for the DEX arm of the study compared to the PRED arm. The transition from DEX to PRED did not unveil any additional 'CCS responders,' that is, no cats that showed a lack of response to DEX subsequently demonstrated a positive response to PRED. In both normal and FCG groups, cats that failed to respond to DEX also showed a lack of IOP response to PRED.
DISCUSSION
In contrast to previous studies in cats, 17, 18 IOP increase in response to topical CCS administration was not a consistent finding in all cats in our study. This discrepancy may reflect differences in both study design and data interpretation. Previous studies presented their IOP data in the form of group averages which may have limited the ability of these prior studies to address the concept of individual 'nonresponders.' The results of our study highlight both a need to consider likely individual variability in response to therapy, and a need to exercise caution when interpreting averaged responses of a group of normal cats to a given drug, when planning the clinical management of individual patients in a practice setting. A third, more recently published study performed using normal cats also reported an elevation in IOP in response to topical 0.1% dexametha- sone in an unspecified proportion of the animals that were evaluated 19 ; however, IOP values recorded during that study and the total number of animals evaluated were not reported.
All previous studies designed to investigate IOP in response to topical corticosteroids in cats, [17] [18] [19] measured IOP using applanation pneumatonographs, only one of which had been investigated for use in this species specifically. 58 Appropriate tonometer selection is a critical aspect of any study design involving the measurement of IOP. Many commercially available tonometers underestimate the IOP especially as the pressure exceeds the normal range. [58] [59] [60] Rebound tonometry using the TonoVet has been shown in cats to retain accuracy at higher levels of IOP, 54, 55 making it more appropriate for a study involving ocular hypertension and glaucomatous subjects.
True ocular hypertension in response to topical CCS was not documented in any normal cat, at any time point in the study. All IOPs in normal cats remained below the published mean TonoVet-derived IOP value for normal cats (20.74 AE 0.49 mmHg 55 ). Although ruminants display a robust, highly conserved and predictable response to CCS between individuals, 13, 15 it would appear that this is not the case in normal cats. In human studies, about 5% of the population exhibits a high or marked response to topical CCS and about 30% exhibit a moderate or intermediate response. [61] [62] [63] The majority, therefore, are 'nonresponders' or 'poor responders' to topical CCS treatment. An increase in IOP of >10 mmHg from baseline is considered clinically significant. 3, 42, 63, 64 Applying similar standards to this study, all five normal cats would fall into the 'poor responder' or 'nonresponder' categories. Thus, our results suggest that the use of topical CCS in cats with ocular surface disease, in the absence of significant intraocular disease, carries a relatively low risk of inducing a clinically significant elevation in IOP. Furthermore, it would appear that the veterinary clinician can prescribe topical CCS without major risk of SIOH in cats with uveitis, provided there is no evidence of preexisting aqueous outflow compromise, in the face of low or normal IOP. However, our results should be interpreted with caution, given the limitations of the small study population involved, as it is possible that a larger study may have identified a subset of normal cats that are 'high responders. ' FCG cats more frequently exhibited a positive response to topical CCS treatment than normal cats in this study. The magnitude of IOP increase observed in those FCG cats that responded was striking, with a discrepancy between eyes of one individual of up to 56 mmHg. This has the clear potential to significantly worsen potentially blinding ocular damage associated with glaucoma. A similar relationship between underlying primary glaucoma and a higher prevalence of steroid-induced glaucoma has been well described in human patients, 31, 34, 44, 45, 48 and has been documented in Beagles. 16 To our knowledge, this study is the first to document a similar effect of topical CCS on IOP in cats with underlying, spontaneous glaucoma, in which aqueous outflow pathways demonstrate preexisting abnormalities, including a narrowed ciliary cleft and a paucity of aqueous outflow channels 57 (M.H. Kuehn et al., manuscript in review). Careful monitoring of IOP in cats with glaucoma and clinical signs of uveitis, which is a leading cause of secondary glaucoma in cats, 51, 52 is strongly recommended when CCS therapy is prescribed. As IOP is the most significant risk factor for disease progression in both humans and animals with glaucoma, topical CCS must be used with caution in these patients. When topical CCS are necessary in the management of the glaucomatous patient, frequent re-evaluation to detect evidence of poor IOP regulation and worsening of underlying disease is indicated. As glaucomatous cats have been shown to display dramatic fluctuations in IOP, 65 ,66 a single normal IOP measurement in isolation may confound the early diagnosis of steroid-induced elevations in IOP. Therefore, concurrent monitoring for other signs of glaucomatous damage, including optic nerve head cupping, progressive globe enlargement and Haab's striae, as indicators of poor IOP regulation and disease progression, is also important in affected animals. 51, 53 In this study, there was no significant difference in the response rate or degree of response to topical 0.1% dexamethasone or 1% prednisolone acetate, which is in agreement with a previous study conducted in normal cats. 17 Dexamethasone and prednisolone are both potent CCS, capable of achieving a high concentration in the anterior segment of the eye when administered topically. While their greater potency and higher intraocular concentrations make dexamethasone and prednisolone more effective in the management of anterior uveitis, these topical agents also may put patients at higher risk for developing SIOH and glaucoma, thus careful IOP monitoring and frequent ocular examination is warranted for the duration of topical treatment. Both dexamethasone and prednisolone are associated with a higher rate of SIOH following topical use in humans, as compared to other drugs such as, loteprednol, rimexolone, and fluorometholone, due to differences in potency, absorption, and type of CCS. 3, 38, 40, 43 This was also suggested in a small study of cats, in which IOP increases in response to topical application of these latter CCS were less than those observed in response to topical dexamethasone or prednisolone. 17 The underlying pathophysiology of SIOH and glaucoma is complex and poorly understood. In humans, traditional antiglaucoma medications, such as carbonic anhydrase inhibitors and beta-blockers, can be used to decrease the magnitude of IOP elevation but neither prevent the initial positive response, nor entirely eliminate the risk of glaucomatous damage. 2 Therapies directed more specifically at the underlying mechanism of disease may be more successful; CCS receptor blockers and CCS antagonists, [67] [68] [69] [70] as well as synthetic cortisone deriva-tives [71] [72] [73] [74] [75] have all shown promise in the prevention of SIOH. In addition to competitive inhibition at the receptor site, these agents may be effective due to a direct alteration of CCS-induced changes in the trabecular meshwork. 76 Agents intended to alter protease activity, specifically in the matrix-metalloproteinase (MMP) family, 75, 77 have also shown early promise and may represent an avenue for future studies.
CONCLUSION
In summary, marked elevation in IOP in response to topical CCS has the potential to contribute to worsening of glaucomatous damage in cats with preexisting compromise in their aqueous outflow pathways. Our findings also indicate that while not all cats demonstrate an IOP elevation in response to topical CCS administration, and SIOH or glaucoma is unlikely to be a major concern in cats being treated with topical CCS for ocular surface disease, the potential for a marked response exists. The highly variable nature of CCS-induced IOP responses in cats highlights the need for close monitoring of each individual patient's response to treatment.
